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Abstract
Co-localization of NADPH-diaphorase (ND) and acetylcholinesterase (AChE) activities were explored in the magnocellular
secretory nuclei of the rat hypothalamus by means of a double histochemical staining of the same sections. Partial co-existence
was found in all the nuclei studied (paraventricular, supraoptic, fornicals and circular nuclei). No particular location of the
neurons expressing both markers was found, although in the paraventricular nucleus all of them (ND + , AChE + and neurons
expressing both markers) were preferentially located in the magnocellular subdivisions whereas in the parvicellular ones only some
neurons belonging to all three types were detected, mainly located in the periventricular and medial subdivisions. The lowest
degree of co-existence was found at the level of the main magnocellular nuclei (supraoptic and paraventricular) when compared
with the accessory magnocellular nuclei, especially the posterior fornical and the circular nuclei. These results extend previous data
on the chemical nature of the neurons producing nitric oxide in the neurosecretory nuclei and the possible functional role of this
atypical messenger in the hypothalamus. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
Hypothalamic magnocellular neurons, in particular
those of the two principal secretory nuclei, paraventricular (PVN) and supraoptic (SON) contain a wide variety of neuropeptides, neurotransmitters and other
bioactive molecules (Kiss et al., 1991; Palkovits, 1992).
The majority of these neurons, especially in the PVN,
are capable of co-expressing several neuropeptides or
neurotransmitters simultaneously (Ceccatelli et al.,
1989; Meister et al., 1990; Palkovits, 1992; Torres et al.,
1993). Transduction of signals to and from various
hypothalamic nuclei involves multiple classes of excitatory and inhibitory neurotransmitters, hormones, peptides and second messengers (Amir, 1995), giving rise to
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a high neurochemical complexity in this region. Additionally, the expression of most of these neuroactive
substances is modulated by diverse environmental and
physiological conditions (Palkovits, 1992).
An important population of the magnocellular neurons express NADPH-diaphorase (ND) (Arévalo et al.,
1992; Sánchez et al., 1994; Vanthalo and Soinila, 1995),
a histochemical marker that allows the identification of
nitric oxide synthase (NOS) containing neurons (Hope
et al., 1991). Nitric oxide (NO) seems to play a crucial
role in the control of several functions exerted by the
hypothalamic nuclei, including among others the regulation of the portal blood flow, osmoregulation, control
of food intake and secretion of growth hormone and
luteinizing hormone (Pow, 1992; Calzà et al., 1993;
Kadowaki et al., 1994; Villar et al., 1994; Ueta et al.,
1995; O’Shea and Gundlach, 1996). Nevertheless, its
exact role and why only specific subpopulations of
neurons synthesize NO remain still unknown.
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Over the last years, a battery of studies have used
combined techniques in order to characterize the chemical nature of NO-synthesizing neurons in the magnocellular hypothalamic nuclei. In this sense, partial
co-existences have been demonstrated with neuropeptides, calcium-binding proteins and other bioactive
molecules. Among others, co-existence of NOS with the
following substances has been noticed: vasopressin
(Calka and Block, 1993b; Torres et al., 1993; Sánchez et
al., 1994), oxytocin (Torres et al., 1993; Sánchez et al.,
1994), corticotropin releasing factor (CRF) (Torres et
al., 1993; Siaud et al., 1994), somatostatin (Alonso et
al., 1992a; Yamada et al., 1996), angiotensin 1–7
(Calka and Block, 1993a), calbindin D-28K (Alonso et
al., 1992b) and calretinin (Arévalo et al., 1993).
Acetylcholinesterase (AChE) is concentrated at all
sites of cholinergic transmission, both pre and postsynaptically. Cholinergic neurons have been identified
using AChE histochemistry, choline acetyltransferase
(ChAT) immunohistochemistry and ChAT mRNA detection. Although AChE is not considered an exclusive
marker for cholinergic neurons since it occasionally
labels non-cholinergic cells, it has been established that
these cells are usually cholinoceptive in nature, providing valuable information on the neuronal systems using
acetylcholine (Butcher and Woolf, 1984). Whereas somata and fibers with moderate intensity of AChE histochemical reaction have been described in the SON
(Koelle, 1954; Shute and Lewis, 1967; Butcher and
Woolf, 1984) and in the PVN (Butcher and Woolf,
1984), the presence of ChAT-immunoreactive neurons
is discussed (Kimura et al., 1981; Sutoo et al., 1991;
Woolf, 1991). In fact, detailed studies using ChAT
immunohistochemistry and especially ChAT mRNA
detection reported a very low number or no intrinsic
cholinergic neurons in the rat hypothalamus (Kimura et
al., 1981; Oh et al., 1992). By contrast, the hypothalamic nuclei demonstrate an innervation by cholinergic
afferents (Butcher and Woolf, 1984) and these fibers
may target the presumable cholinoceptive neurons that
are labeled using AChE histochemistry (Kimura et al.,
1981). Finally, in addition to its role as a marker in the
cholinergic systems, AChE is also interesting per se,
because it is involved in other functions, including
degradation of enkephalins and substance P and depression of spontaneous and stimulus-linked firing of
identified neurons (Greenfield, 1984).
In order to extend previous findings on the co-existence of NOS with bioactive substances in the hypothalamic secretory nuclei, the aim of the present study is to
elucidate whether or not ND is expressed by the AChEcontaining neuronal magnocellular population using a
sequential double histochemical technique (ND and
AChE) on the same sections.

2. Material and methods

2.1. Animals and histology
Five adult male Wistar rats (250–280 g body weight)
were deeply anaesthetized with ketamine (Ketolar, 50
mg/kg body weight, i.m.). After packing the heads with
ice, the animals were perfused through the ascending
aorta with 100 ml Ringer solution followed by 500 ml
fixative solution containing 4% paraformaldehyde and
15% saturated picric acid in 0.1 M phosphate buffer,
pH 7.3 (PB). The brains were removed and the hypothalamic regions were dissected out, postfixed 4 h at
4°C in the same fixative solution and cryoprotected
with 30% sucrose (v/v) in PB at 4°C overnight. Pieces of
30 mm coronal sections were cut using a cryostat and
serially collected in cold (4°C) PB.

2.2. Histochemical procedure
The double staining was carried out beginning with
the ND-technique. Sections were washed in 0.1 M
Tris–HCl buffer pH 8.0 and processed for ND histochemistry as described previously (Scherer-Singler et
al., 1983; Alonso et al., 1995). Briefly, sections were
incubated for 60–90 min at 37°C in an incubation
solution made up of 1 mM reduced b-NADPH (Sigma
no6 N1630), 0.3 mM nitro blue tetrazolium (Sigma no6
N6876) and 0.08% Triton X-100 in 0.1 M Tris–HCl
buffer, pH 8.0. The course of the reaction was controlled under the microscope. When the histochemical
reaction was concluded, sections were washed in 0.1 M
Tris–HCl buffer, pH 8.0.
Sections were then processed for the AChE histochemical technique using a modification (Hedreen et
al., 1985) of the Koelle method (Geneser-Jensen and
Blackstad, 1971). Sections were washed in 0.1 M
sodium acetate buffer, pH 6.0 (AB) and placed in
agitation in a freshly prepared incubation medium at
room temperature for 30 min. The incubation medium
was made up of 1.7 mM acetylthiocholine iodide, 0.49
mM sodium citrate, 2.9 mM cupric sulfate, 1.25 mM
potassium ferricyanide and 0.2 mM ethopropazine, an
inhibitor of non-specific cholinesterases, in AB.
For the visualization of the AChE activity, the sections were rinsed in 0.2 M Tris–HCl buffer, pH 7.6
(3×10 min) and the reaction was visualized using
0.0125% 3,3% diaminobenzidine and 0.003% hydrogen
peroxide in 0.2 M Tris–HCl buffer, pH 7.6 under
microscope control. The reaction was stopped by rinsing the sections with 0.2 M Tris–HCl buffer pH 7.6
(3× 5 min) and distilled water (2 × 5 min). Both enzymatic activities (ND and AChE) were clearly observed.
Sections were serially mounted on gelatin-coated slides,
dehydrated in ethanol series, cleared with xylene and
coverslipped with Entellan.
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The intense ND-staining observed in some neuronal
types made the detection of double labeling in these
cells difficult, since the dark blue formazan obtained
could mask the brown reaction product of the AChE
histochemistry. Thus, in order to confirm the degree of
co-localization of both enzymes in these cells, in two
additional animals (not included in the final number)
the ND-reaction was stopped when the cells were
weakly ND-stained, followed by the AChE-histochemical procedure. Additionally, in some sections, the double-labeled cells were photographed and the sections
treated with dimethylformamide as described (Alonso
et al., 1995). The sections were then re-examined and
the cells photographed again (Fig. 1A, and B). This
treatment eliminates the formazan without affecting the
AChE reacting product, confirming the presence or
absence of double labeling.

2.3. Controls
For ND, the following controls were carried out as
described (Alonso et al., 1995): (1) omission of the
substrate b-NADPH in the incubation media; (2) omission of the chromogen nitro blue tetrazolium; (3) denaturation of the enzyme by heating the tissue at 84°C for
5 min; (4) overfixation of tissue during 2 weeks in 10%
formalin; and (5) substitution of b-NADPH by NADP
(Sigma no. N0505). For the AChE histochemistry, two
controls were carried out: (1) omission of the substrate
acetylthiocholine iodide; and (2) addition of 10 − 5 M
BW284C51 as inhibitor of AChE activity (Carson and
Burd, 1980). For all controls, no residual activity was
observed.

2.4. Numerical data
Calculation of the number of reacting cells was carried out with an image analyzer system MIP-2 (IMCO
10). By means of a graphic tablet, we counted for all
sections of every individual animal the number of
stained neurons. The numbers of the reacting cells
showing ND, AChE and co-existence were calculated
by analyzing each nucleus and the different subdivisions of the PVN. All the counts were carried out by
the same author (FS). Only cells in which the nucleus
was present were considered. Total numbers of stained
neurons were corrected according to the Abercrombie’s
formula (Abercrombie, 1946) by a factor of 0.750
(Arévalo et al., 1993; Sánchez et al., 1994, 1996). The
mean and the standard error of the mean for each
group was calculated by using the corrected average for
every individual animal. In the different subdivisions of
the PVN, all positive neurons showing the nucleus and
located within every individual subdivision have been
considered as ‘magnocellular’ or ‘parvicellular’ independently of their size, depending exclusively in which
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subdivision (magno- or parvicellular) they were
anatomically situated. The exact location of the immunoreactive neurons was determined by means of
phase contrast microscopy.

3. Results
The nomenclature and nuclear boundaries proposed
by Swanson and Kuypers (1980) and Rhodes et al.
(1981) were used. As in previous papers from our group
(Arévalo et al., 1992; Alonso et al., 1992b; Arévalo et
al., 1993; Sánchez et al., 1994, 1996) and in order to
facilitate putative comparisons in the chemoarchitecture
of the PVN, we considered both the anterior and
medial magnocellular subdivisions of Swanson and
Kuypers as one called commissural subdivision, that
includes the anterior commissural nucleus (Swanson
and Kuypers, 1980). Since the localization of ND in the
hypothalamus of adult rats is, at present, well-known
and the observed distribution is coincident with previous studies, the description is limited only to what is
essential for comparison of the different neuronal types
and the AChE distribution.
Similar results were found in all animals studied. In
all the magnocellular hypothalamic nuclei, three populations of neurons could be clearly distinguished:
AChE+ , ND+ and cells co-localizing both markers.
In addition, the presence of negative profiles indicated
that a fourth neuronal population, negative to both cell
markers, was present in the magnocellular nuclei.
AChE-neurons were located in all the nuclei studied
(Fig. 1A–H, Table 1). In addition, although it is not
part of the present study, a few weakly-labeled
AChE+ neurons were also observed in adjacent hypothalamic regions, such as the arcuate nucleus, the medial preoptic nucleus and the lateral preoptic area. By
contrast, the suprachiasmatic nucleus was devoid of
AChE+ cells. In the PVN, the AChE-neurons were
mainly located in the magnocellular subdivisions, especially in the posterior one (Fig. 1A, B and E; Table 1).
However, a few labeled neurons were also observed in
the parvicellular subdivisions, especially at the level of
the periventricular and medial ones (Fig. 1E and F,
Table 1). In the SON, most of the AChE+ neurons
were located at the level of the prechiasmatic part (Fig.
1C and D) whereas in the retrochiasmatic only a few
labeled neurons were located very close to the pial limit.
In the accessory nuclei, AChE-neurons were distributed
throughout without a particular disposition (Fig. 1G
and H).
Double labeled cells were normally clearly distinguishable on the basis of the presence of both colors
(blue formazan and brown DAB reaction product at
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Fig. 1.
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Table 1
Number (mean 9S.E.M.) of single-labeled NADPH-diaphorase active neurons (ND), single-labeled AChE+ neurons (AChE) and
NADPH-diaphorase-AChE double-labeled (coexistence) neurons in
the hypothalamic neurosecretory nuclei
Nucleus

ND

SON
440.3 921.6
PVN (commis73.6 9 6.7
sural)
PVN (posterior) 472.5 949.8
PVN (periven38.5 96.5
tricular)
PVN (anterior)
15.6 93.6
PVN (medial)
28.194.8
PVN (dorsal)
9.5 92.4
PVN (lateral)
20.1 9 3.8
AFN
30.5 93.1
PFN
25.2 92.5
CN
19.7 92.1

AChE

Coexistence (%)a

241.49 16.5
31.19 5.4.1

92.1 9 7.1 17.30
17.3 9 3.3 19.03

223 9 25.1
25.4 9 4.2

121.3 9 12.3 20.43
9.79 1.8 20.12

13.3 9 2.3
15.49 3.1
6.3 9 1.9
12.4 9 2.1
32.4 9 13.9
23.69 3.4
21.89 2.6

5.39 1.3 25.36
9.49 2.3 25.07
2.39 0.5 19.49
6.59 1.8 24.44
12.89 2.9 29.56
16.49 2.2 39.42
15.49 2.2 43.87

AFN, anterior fornical nucleus; CN, circular nucleus; PFN, posterior
fornical nucleus; PVN, paraventricular nucleus; SON, supraoptic
nucleus).
a
Percentage indicates the % of neurons showing co-existence when
compared with the total ND counts (ND+co-existence).

the same focusing plane). Nevertheless, in some cells
dark ND reaction product may mask a weak AChE
reaction and, therefore, the use of dimethylformamidetreated sections was necessary to confirm or deny the
presence of co-localization in these cells (Fig. 1A and
B).
Partial co-existence was found in all the structures
analyzed in the present study. The degree of co-existence varied from the accessory nuclei (maximum at the
circular nucleus—CN) to the SON where the ratio of
co-localization was lowest (Table 1). Neurons demonstrating co-localization of ND and AChE activities as
well as neurons expressing either one of these two
neuronal markers were found in all the hypothalamic
nuclei, including all subdivisions of the PVN. No important differences were observed in the degree of
co-existence among the different magno- or parvicellular subdivisions within this nucleus (Fig. 1E and F,
Table 1). In all the nuclei, the number of neurons
expressing co-existence was lower than the number of
neurons expressing only one of these markers, ND or
AChE (Table 1).
On considering the two principal magnocellular nuclei (SON and PVN), a predominance of the ND+
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neurons was detected when compared with the
AChE+ ones (Fig. 1C–F, Table 1). In the PVN, most
of the AChE-labeled, ND+ and co-localizing neurons
were located in the magnocellular subdivisions, especially in the posterior one (Fig. 1 E, Table 1). In the
parvicellular subdivisions, the number of neurons was
very low, mainly located in the periventricular part
(Fig. 1F, Table 1).
In the magnocellular accessory nuclei, the number of
neurons expressing ND or AChE was very similar (Fig.
1G and H, Table 1). The number of neurons showing
co-existence was lower than the other two types but
comparatively higher than in the principal nuclei (Table
1).

4. Discussion
Although some controversy exists about the existence
and number of intrinsic cholinergic neurons in the
hypothalamus of different species (Kimura et al., 1981;
Sutoo et al., 1991; Woolf, 1991), Oh et al. (1992)
demonstrated, by means of in situ hybridization of
ChAT mRNA that most hypothalamic regions in the
rat were devoid of hybridization signal. These latter
results are consistent with Northern blot analyses indicating undetectable levels of ChAT mRNA in the hypothalamus as a whole (Ibáñez et al., 1991). These results
(Oh et al., 1992) are also partly compatible with immunohistochemical reports in which only a few ChATimmuno-positive cells have been found in certain
hypothalamic regions, including the lateral hypothalamus (Tago et al., 1987; Woolf, 1991) although an
innervation by cholinergic fibers exists (Butcher and
Woolf, 1984). These fibers may presumably make contact with the AChE-labeled neurons observed in previous reports (Koelle, 1954; Shute and Lewis, 1967;
Butcher and Woolf, 1984) as well as in the present
findings. Nevertheless, the cholinoceptive nature of
AChE+ cells should be carefully considered since
there is no direct evidence that these cells are excited by
acetylcholine in the hypothalamus and other noncholinergic roles have been demonstrated for AChE in
the central nervous system (Greenfield, 1984).
In the present study, it was demonstrated, for the
first time, co-existence between NADPH-diaphorase
and AChE in magnocellular and parvicellular neurons
belonging to the hypothalamic neurosecretory system

Fig. 1. NADPH-diaphorase (blue) and AChE (brown) labeled neurons in the hypothalamic magnocellular secretory nuclei. Scale bar: 50 mm for
A–C and H and 100 mm for D–G; A and B: PVN (posterior magnocellular subdivision). Double labeled cells with intense ND-staining before
(A) and after treatment with dimethylformamide (B). Arrow labels a ND + and AChE − neuron. Arrowhead labels a neuron co-expressing ND
and AChE activities; C and D: SON (prechiasmatic subdivision). Note the presence of the three types of neurons (ND, AChE and neurons
showing co-existence) without a particular distribution; E and F: PVN. Most positive cells were located at the level of the posterior magnocellular
subdivision (E). Note the presence of several neurons located in the medial parvicellular subdivision (arrows) (E) and in the periventricular
(arrows) and anterior (arrowheads) parvicellular subdivisions (F); G and H: Magnocellular accessory nuclei. ND-active, AChE-reactive and
neurons showing co-existence in the AFN (G) and the CN (H).
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of the rat. However, although both enzymes co-localize
in all the nuclei (and the different subdivisions of the
PVN) considered, this co-expression is only partial and
the degree of co-existence varied among the studied
nuclei, ranging from the CN which had the highest, to
the SON, which had the lowest percentage of cells
co-localizing both markers (Table 1). Within the hypothalamus, on comparing other known ratios of co-existence, differences in the number of neurons expressing
ND and other markers are obvious. In general terms
and with differences between authors, lower degrees of
co-existence were found for ND and CRF, somatostatin or calretinin, whereas the co-existence ranges of
ND with vasopressin, oxytocin or calbindin D-28k were
higher (Alonso et al., 1992a,b; Arévalo et al., 1993;
Torres et al., 1993; Sánchez et al., 1994; Siaud et al.,
1994; Yamada et al., 1996). Taking together all these
co-localization studies, it is evident that; (a) at present,
all co-existences described are partial; (b) there are
abundant ND positive neurons in the magnocellular
hypothalamic nuclei whose transmitter is still unknown;
and (c) the hypothalamic neurons expressing ND display a high neurochemical diversity.
Hypothalamic nuclei, in particular the subpopulation
of neurons expressing ND, NOS immunoreactivity or
NOS mRNA, seem to be especially sensitive to different
experimental manipulations (Calzà et al., 1993; Villar et
al., 1994; Ueta et al., 1995; O’Shea and Gundlach,
1996). One possible difficulty in evaluating the co-localization of neuroactive substances, as carried out in the
present study, is the possible functional variation in the
expression of one of these markers. However, similar
results were found in all animals studied suggesting that
AChE, ND distribution as well as their co-localization
are relatively stable under the conditions used.
In both the peripheral and the central nervous systems multiple interactions have been studied between
the production of NO and acetylcholine. NO may
modulate the cholinergic transmission at the pre and/or
postjunctional level in the nerve muscle pathway (Baccari et al., 1994) and appears to exert a marked inhibitory effect on acetylcholine release in different
regions such as the trachea and taenia coli (Belvisi et
al., 1991; Knudsen and Tøttrup, 1992). This interaction
is complex and it has been demonstrated that NO
produces opposite effects on acetylcholine release depending on the excitatory or inhibitory nature of the
synapse (Mothet et al., 1996). In addition, acetylcholine
evokes release of NO from endothelium and, through
muscarinic receptor activation contributes to stimulation of NO formation in the brain (Wiklund et al.,
1993). NO inhibits the activity of acyltransferase forming NOCoA. Since CoA is a co-factor for ChAT, its
loss may result in a slowly developing impairment of
cholinergic transmission (Rand and Li, 1995). The
number of neurons co-localizing ND/AChE may indi-

cate primed sites of interaction of NO and acetylcholine
in the different magnocellular nuclei. However, since
NO may diffuse freely across membranes, interactions
between both transmitters are probably not restricted
to these double-labeled cells.
Another important relationship is that linking NO
and selective cell death or survival. Nicotinic cholinergic receptor stimulation induces neuroprotection by its
inhibitory action on NO formation (Shimohama et al.,
1996). In fact, neurons containing ND and AChE in the
striatum are spared in Huntington’s disease (Morton et
al., 1993). In addition to these considerations, we cannot rule out the possibility that AChE is involved in
functions not directly related with the cholinergic system, since it is also involved in the hydrolysis of
enkephalins and substance P, in the modification of
dopaminergic receptors and in the depression of spontaneous and stimulus-linked firing of identified neurons
(Greenfield, 1984).
On focusing on the PVN, several investigators have
suggested that acetylcholine excites the hypothalamicpituitary-adrenal axis (Jones and Hillhouse, 1977;
Tsagarakis et al., 1988) and via muscarinic receptors
mediates CRF release. This mediation involves the
activation of the neural NOS and the liberation of NO
(Karanth et al., 1993). These authors described a cascade of events where the acetylcholine released from
cholinergic terminals acts in muscarinic receptors of
cholinoceptive interneurons that activate the NOS
which produces and releases NO. These cholinoceptive
cells containing NOS are probably the neurons that
demonstrate co-existence of AChE and ND in our
study. The NO synthesized by these cells diffuses to
adjacent neurons and will activate the exocytosis of
CRF in these neurons (Karanth et al., 1993). In such a
way, NO exerts an inhibitory effect on stimulated CRF
release (Costa et al., 1993) and modulates the response
of the hypothalamic-pituitary-adrenal axis to interleukin-1b, vasopressin and oxytocin (Rivier and Shen,
1994). In addition, co-existence of NOS with CRF has
been described in the PVN (Torres et al., 1993; Siaud et
al., 1994), although only a subpopulation of the parvicellular neurons express both markers (4%, Torres et
al., 1993; to 15%, Siaud et al., 1994). The co-existence
found in the present study between ND and AChE in
the subdivisions of the PVN controling the secretion of
ACTH and the co-existence between ND and CRF in
the same PVN subdivisions suggest a clear anatomical
relationship among these systems, indicating a possible
integrated functional role.
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